Abstract: The structure of a heterogeneous system in®uences di¬usion of thermal neutrons. The thermal-neutron absorption in grained media is considered in the paper. A simple theory is presented for a two-component medium treated as grains embedded in the matrix or as a system built of two types of grains (of strongly di¬ering absorption cross-sections). A grain parameter is de ned as the ratio of the e¬ective macroscopic absorption cross-section of the heterogeneous medium to the absorption cross-section of the corresponding homogeneous medium (consisting of the same components in the same proportions). The grain parameter depends on the ratio of the absorption crosssections and contributions of the components and on the size of grains. The theoretical approach has been veri ed in experiments on prepared dedicated models which have kept required geometrical and physical conditions (silver grains distributed regularly in Plexiglas). The e¬ective absorption cross-sections have been measured and compared with the results of calculations. A very good agreement has been observed. In certain cases the di¬erences between the absorption in the heterogeneous and homogeneous media are very signi cant. A validity of an extension of the theoretical model on natural, twocomponent, heterogeneous mixtures has been tested experimentally. Aqueous solutions of boric acid have been used as the strongly absorbing component. Fine-and coarse-grained pure silicon has been used as the second component with well-de ned thermal-neutron parameters. Small and large grains of diabase have been used as the second natural component. The theoretical predictions have been con rmed in these experiments.
Contents

Introduction
The macroscopic thermal-neutron absorption cross-section § a of a medium is one of several important parameters when the transport of thermal neutrons in any system is considered. The § a value for a homogeneous mixture of n components can be obtained [1] from the simple relation:
where » is the mass density of the mixture, q i is the mass contribution of the i-th component, ( §q i = 1), and § M ai is the mass absorption cross-section of the i-th component (dependent on its elemental composition and the microscopic absorption cross-sections ¼ j of the contributing elements, e.g. [2] ). Sometimes, it is convenient to express the contributions by the volume contents of components:
where V i is the volume occupied by the i-th component in the volume V of the sample. Then Eq. (1), still for the homogeneous mixture, yields:
where § ai is the macroscopic absorption cross-section of the i-th component, de¯ned at the partial solid material density » i = m i / V i (where m i is the mass of the i-th component in the sample).
In the case of a medium that is a heterogeneous mixture, the e®ective thermal-neutron absorption can signi¯cantly di®er from that in a homogeneous one that consists of the same components in the same proportions. A problem of the heterogeneity resulting from the presence of grains in the sample can appear when the absorption cross-section of a rock material is measured. The samples for a neutron experiment are usually prepared by crushing the rocks, and the possible natural heterogeneity can be increased additionally during this procedure. Finally, just an e®ective cross-section of the heterogeneous sample material is measured. Most often, neither the actual heterogeneity nor the detailed elemental composition is known, and it is impossible to do an exact neutron transport calculation for the medium investigated. On the other hand, it is necessary to introduce a correction to the result of the measurement.
We present here a comprehensive study of the physical problem and its experimental implications. A simple theory of the e®ective absorption of thermal neutrons in a grained medium is outlined and applied to an interpretation of the pulsed measurement of the absorption cross-section on heterogeneous models (consisting of grains in a matrix, where the geometric structure and the thermalneutron di®usion parameters are well-known). Validity of the theory is further tested and con¯rmed on more realistic samples of¯ne and coarse-grained materials: arti¯cial or natural rock grains mixed with a°uid absorbers.
De¯nition of the grain parameter
The material heterogeneity for the thermal-neutron transport in a considered volume is understood here as many small regions that di®er signi¯cantly in their macroscopic characteristics of neutron di®usion. Being limited to a two-component medium, we distinguish two cases. Case A: grains of material 2 dispersed in homogeneous material 1, and Case B: a complex medium built of two types of grains (Fig. 1) . The volume contribution of substance 2 in the medium is ¿ . Then the macroscopic absorption cross-section § hom a of the corresponding homogeneous, two-component medium of the absorption cross-sections § a1 and § a2 , respectively, can be obtained from the relation:
The thermal-neutron absorption in grains of sizes comparable to the neutron mean free path can be no longer described by the macroscopic absorption cross-section relevant for an in¯nite medium. A modi¯ed, e®ective absorption cross-section of the grains, saỹ § a , is introduced. In Case A, we assume that only the § a2 is modi¯ed by the grain e®ect: § a2 ! § a1 , and the § a1 remains unchanged. In Case B, both absorption cross-sections are modi¯ed: § a1 ! § a1 and § a2 ! § a1 . The e®ective cross-section § eff a of the entire heterogeneous medium (the grained mixture) is still calculated from formula (4), but with the substitutions mentioned above. The medium is recognised as heterogeneous for the thermal-neutron transport when its e®ective absorption cross-section § eff a di®ers from the cross-section § hom a calculated from formula (3), valid for the homogeneous medium. The ratio
called the grain e®ect parameter, de¯nes the heterogeneity e®ect on the thermal-neutron absorption. The parameter G = 1 corresponds to the homogeneous medium. can be theoretically calculated and experimentally measured.
E® ective absorption cross-section § a of grains
We start from a consideration of the thermal-neutron di®usion in a medium within the one-speed approximation. The probability that the neutron is absorbed when it travels a path length x 0 in an absorber is
(cf.
[1] Sec.1.3), where § t is the total cross-section:
and § s is the scattering cross-section. In the case of a signi¯cant anisotropy of neutron scattering, the transport cross-section can be introduced:
where · is the average cosine of the scattering angle. The total cross-section § t is then substituted by the thermal-neutron di®usion cross-section:
Instead of Eq. (6) we now have
Assuming the e®ective absorption cross-section § a in the grain as the absorption probability per unit path length, we obtain from Eq. (10) the following de¯nition:
where the size of the grain is given by the average chord length d :
and V g and S g are the volume and the surface of the grain, respectively [3] . Thus, the e®ective absorption cross-section of the grain § a1 , besides depending on the absorption properties of the grain substance, also depends on its scattering properties and the size of the grain. Eq. (11) leads to the following two limiting cases. When the size of grains d tends to zero (that is, the material becomes homogeneous), d § d ! 0, the absorption cross-section § a ! § a . In another limit, d § d ! 1, which corresponds to a thick absorber, the absorption cross-section is
Expressions similar to this formula appear when considering the self-shielding e®ect, when the inner parts of the absorber are partly protected from the incoming neutrons by outer absorbing layers, and neutron scattering is also taken into account (cf. [ 
when the de¯nition of the e®ective cross-section of the grains, § a2 , is introduced into formula (4). The substitution of Eqs. (4) and (13) into Eq. (5) yields:
where S is the ratio of the absorption cross-sections of the components:
and
is the average size of the grain expressed in the neutron di®usion mean free paths and de¯nes a dimensionless size of the grain. The parameter G can be studied as a function either of the dimensionless size Y of grains, or of the ratio S of the cross-sections of the contributing materials, or of the material volume content ¿ , depending on which of the variables are¯xed as parameters. Examples of the functions de¯ned in Eq. (14) are plotted in Fig. 2 . The plot in Fig.  2a shows that the parameter G(Y ) can attain a very low value, down to about 0.1 in certain cases, which means that the e®ective cross-section can be about as low as 10 % of the value for the corresponding homogeneous mixture (for which Y = 0 and G = 1). Functions G(S) and G(¿ ) in Figs. 2b and 2c are plotted for the same grain size Y = 1. They show a saturation e®ect: that means a very weak dependence of G on S or ¿ when they attain su±ciently high values. In the examples presented at a¯xed grain size, this weak dependence is observed for S ¶ 100 (the level depending on ¿ ) and for ¿ ¶ 0.2 (depending on S). Generally, as should be expected at a¯xed grain size Y , the degree of the material heterogeneity for thermal neutrons (measured as 1/G) increases faster when the di®erence between the absorption cross-sections of the grains and matrix is larger and/or the volume content of grains (that is, their number) is higher. It is important to notice that for heterogeneous media, always G < 1, that is, the e®ective absorption cross-section is always lower than for a homogeneous material.
Until now, the theoretical analysis of the problem has been performed in the one- speed approach to the thermal-neutron di®usion. However, thermal neutrons in real experimental conditions are characterised by an energy distribution and then average values are observed. For a comparison between the theoretical and experimental results, the energy-averaged neutron parameters must be used in the calculation. The grain parameter G is a function of three variables: G = G(Y , S, ¿ ). Two of them, Y and S, depend on the neutron energy, because of the energy dependence of the cross-sections. The grain parameter, de¯ned by the energy-averaged cross-sections, is
where E is the neutron energy and the bracket h i denotes the energy-averaged magnitude. Let the energy distribution of the thermal-neutron°ux in the investigated volume be approximated by the Maxwellian distribution:
with E T = k B T , where k B is the Boltzman constant and T is the absolute temperature. The distribution (18) is normalized to unity and the average thermal-neutron parameter, say hP i, is de¯ned as
Thus, the energy-averaged, macroscopic absorption cross-sections of the mixtures are
In Case A we have:
In Case B the energy-averaged, e®ective absorption cross-section h § ef f a i 00 is expressed by:
and the grain parameter G 00 av is
The experimental grain parameter is de¯ned by
where the energy-averaged thermal-neutron absorption rate hv § a i is given by the relation
and h § exp a i or hv § exp a i is obtained from the experiment. Further consideration will be limited to an analysis of the in°uence of the grain size on the absorption when the other parameters (S and ¿ ) are¯xed.
Laboratory measurement of the macroscopic absorption crosssection
Czubek's pulsed neutron method has been used to measure the absorption cross-section of the discussed heterogeneous materials. This method has been chosen because only one sample is needed to measure the thermal-neutron absorption cross-section § a of the material. Notice that § a is a parameter that characterizes an in¯nite medium, not a particular¯nite sample of a¯xed size used in the measurement. Additionally, Czubek's method of the § a measurement is independent of the scattering properties of the sample. The physical principles of the § a measurement method, which uses a two-region geometry, have been recapitulated in [6] . The system consists of the investigated cylindrical sample of size H S = 2R S surrounded by a cylindrical moderator (H M = 2R M ) covered with a cadmium shield, which assures vacuum boundary conditions for thermal neutrons. The geometry of the measurement is shown in Fig. 3 . The sample-moderator system is irradiated by bursts of 14 MeV neutrons that are slowed down, and the time decay of the thermal-neutron°ux '(t) is observed. Pulses from a 3 He detector are stored (during many consecutive cycles) in a multiscaler, and the decay constant ¶ of the fundamental exponential mode of the°ux, '(t) ¹ exp({ ¶ t), is determined from the registered curve [7] . The experiment is repeated using di®erent sizes H M of the outer moderator. In this way the experimental dependence ¶ = ¶ (x M ; R S =const) is obtained, where
Fig . 3 The experimental set-up.
Another curve ¶ * = ¶ *(x M ; R S =const ) is calculated based on the di®usion approximation for the thermal-neutron°ux in the two-region cylindrical system [8] , [9] . The curve ¶ *(x M ) is dependent on the size R S of the inner sample and on the thermal-neutron parameters of the external moderator (that is, the absorption rate hv § aM i, the di®usion constant D 0M , and the di®usion cooling coe±cient C M ) and, therefore, they have to be known with a high accuracy. The absorption rate hv § aM i and the di®usion constant D 0M of Plexiglas, routinely used as the outer moderator in the measurements, are well established [10] and are quoted in [11] . Instead of the constant coe±cient C M used earlier, the correction function C ¤ M ( ¶ ¤ ) is now used. It results from the di®usion cooling of the thermal-neutron energy spectrum in the two-region system, in which the inner sample is a mixture of a hydrogenous and non-hydrogenous media [12] . The ordinate of the intersection point of the curves ¶ = ¶ (x M ) and ¶ * = ¶ *(x M ) determines the absorption cross-section § aS of the material of the inner sample:
where v is the neutron speed and the averages are over the thermal-neutron°ux energy distribution. The standard deviation ¼ ( ¶ X ) of the intersection point ¶ X is calculated using a computer simulation method [13] .
6 Silver-in-Plexiglas models as heterogeneous samples
Design of the heterogeneous models
Well-de¯ned models of heterogeneous materials have been constructed to perform a fully controlled experiment to investigate how the thermal-neutron absorption cross-section depends on the grain size of the material. The models ful¯l the following assumptions:
(1) They consist of two materials: I and II.
(2) The di®erence between the absorption cross-sections of material I and II is signi¯-cant; the highly absorbing centres (grains) of material II are embedded in a weakly absorbing material I. (3) The grains II of regular shapes are regularly distributed in material I. (4) The models di®er from each other with respect to the grain size of material II, but its total mass contribution is kept constant. Plexiglas has been used as the weakly absorbing material, and silver of a high purity has been chosen for making the highly absorbing grains. The physical characteristics of silver and Plexiglas are given in Table 1 . Their macroscopic absorption cross-sections have been calculated at the most probable thermal-neutron velocity v 0 = 2200 m/s, based on the elemental compositions and on the microscopic absorption cross-sections given in nuclear data tables [14] .
Three models of a regular cylindrical shape with H S = 2R S = 9 cm have been constructed. Each one consists of layers of two types: the pure Plexiglas layers are separated by layers with silver grains embedded in Plexiglas. The silver grains are regular cylinders of constant dimensions H gr = 2R gr , di®erent in each model. Their total volume content in the samples is kept almost constant, about ¿ II = 0.05, corresponding to the mass contribution about q II = 0.32. The characteristics of the three silver-in-Plexiglas models are given in Table 2 . Table 2 Characteristics of the silver-in-Plexiglas models.
In order to construct the sample of material with regularly distributed absorbing grains, the model has been considered as part of an in¯nite spatial grid, in which the grains represent the lattice points. A regular prism has been assumed as the grid. The small cylindrical grains are coaxial with the entire cylindrical model. The vertical and horizontal cross-sections of one of the models (with the biggest grains) are shown in Fig. 4 . The geometric details of the other models can be found in [15] . The vertical distance between top and bottom of two neighbouring grains is approximately equal to the grain height H gr . The¯rst and the last (top and bottom) pure Plexiglas slices have the thickness about 1/2 of the grain height. The distribution of the grains in the horizontal cross-section has been selected from the square or hexagonal in¯nite grid. The slices containing grains can be rotated with respect to each other to observe a possible in°uence of the silver distribution on the e®ective absorption of the material.
Experimental results and discussion of a possible uncertainty
The size of the silver grains in the di®erent silver-in-Plexiglas models varies, keeping always a constant volume content ¿ II of silver. Thus, the models represent a heterogeneous material on which an e®ect of the varying grain size on the e®ective absorption can be measured and compared to the absorption of the homogeneous mixture.
The¯nal experimental results h § exp a i for the three investigated heterogeneous media are reported in Table 3 . These macroscopic absorption cross-sections h § exp a i can be compared with h § hom a i = 0:1805cm ¡1 for the homogeneous mixture consisting of the same components, calculated at the silver content ¿ II = 0.05. The comparison clearly shows that the in°uence of the heterogeneity of the material on the e®ective, macroscopic absorption cross-section for thermal neutrons is signi¯cant, even in the case of the dense grid of the smallest silver grains, which is closest to a homogeneous material. The absorption cross-section § a is determined from the intersection point of the theoretical and experimental curves and, therefore, its accuracy ¼ ( § a ) within the theory of the measurement method depends on the accuracy both of the experimental points and of the neutron parameters used in the calculation. The accuracy ¼ ( ¶ i ) of the experimental points depends on the characteristics and possibilities of the experimental set-up and Table 3 Experimental results obtained for the silver-in-Plexiglas models.
on the precision of determination of the fundamental mode decay constant ¶ from the decay curve registered in the multiscaler. In the present experimental series, the determination of ¶ has been di±cult. As ¶ describes the exponential decay, its value should be constant, independent of a shift t 0 of the analysed interval along the time axis, that is, ¶ (t 0 ) = const (with a statistical accuracy). The heterogeneity of the sample leads to a stronger contamination with higher modes of the pulsed thermal-neutron°ux, and makes more di±cult the isolation of the fundamental mode. Therefore, the dependence ¶ (t 0 ) = const has been always carefully tested in the interpretation of the experiments. Finally, the relative standard deviations ¼ ( ¶ i )/ ¶ i have been no higher than 0.9 %.
Consider also an uncertainty in the size of the sample. Although the geometric dimensions H S and R S are known with a very high accuracy, how neutrons \see" this size can be a problem. Namely, the models contain the silver grain lattice in Plexiglas, which is also used as the outer moderator. In order to investigate this possible uncertainty, a new theoretical curve has been calculated, ¶ * = ¶ *(x M ) at 2R S increased by 0. [15] . A separate problem is whether the model represents well a part of an in¯nite, regular lattice of grains. In order to test it we have made the following experiment for Model GR10, that is, for the sparsest lattice, where the in°uence of grains on the e®ective absorption cross-section is strongest. The sample has been enclosed only in a cadmium shield and the decay constant ¶ has been measured. Next, every other layer with the silver grains has been rotated 45º to introduce the intentional perturbation of the lattice (Fig. 5) . The decay constant has been again measured. The results are following: Regular lattice: ¶ = 27 505 s {1 , ¼ ( ¶ ) = 68 s {1 ; Perturbed lattice: ¶ = 27 567 s {1 , ¼ ( ¶ ) = 85 s ¡1 .
The measured decay constants are in full agreement within one standard deviation. This means that the perturbation of the lattice has not changed the thermal-neutron transport in the investigated volume. This suggests also that any possible error in the cut of the sample from the in¯nite lattice is not signi¯cant.
Finally, we can state that the factors considered above do not in°uence signi¯cantly the experimental results. The values listed in Table 3 can be treated as the measured, e®ective absorption cross-sections with errors on the level of two standard deviations.
Comparison of the theoretical and experimental results obtained for the silver-in-Plexiglas models
The theoretical approach presented in paragraphs 1 to 4 has been applied to an interpretation of the results of the experiments made on the three silver-in-Plexiglas models. 
Case A: Grains in the matrix
The theoretical, e®ective, macroscopic absorption cross-sections h § ef f a i of the three silverin-Plexiglas models have been calculated from Eq. (21) , and the absorption cross-section h § hom a i of the corresponding homogeneous material from Eq. (20). The energy dependence of the thermal-neutron, macroscopic absorption cross-sections of Plexiglas, § a1 (E), and of silver, § a2 (E ), is described by a 1/v law. Therefore, these cross-sections are completely de¯ned when given at only one energy (cf. Table 1 ). The di®usion cross-section § d2 , present in formula (21) , contains the absorption and transport cross-sections of silver. The energy-dependent, scattering cross-section ¼ s2 (E) of silver (given essentially by the free gas model formula) is, for thermal neutrons, very well approximated by a constant value equal to the free-atom scattering cross-section ¼ sf 2 . Thus, the macroscopic scattering cross-section for silver is § s2 (E ) = § sf 2 = 0.2978 cm {1 . The scattering cosine · 2 (E) of silver is su±ciently accurately given by the approximate relation · 2 = 2/(3A), where A is the relative-to-neutron atomic mass of silver (cf. [1] ).
The calculated, energy-averaged, e®ective absorption cross-sections h § ef f a i of the three models are listed in Table 4 . The calculations have been performed for the silver volume content ¿ II = 0:05 at E T = 0:02526 eV, corresponding to the experiment temperature t = 20ºC. The macroscopic absorption cross-section of the homogeneous mixture consisting of the same components with the same contributions has been quoted in paragraph 6. Table 4 . Plots of the grain e®ect parameter calculated as a function of the grain size Y are shown in Fig. 6 , where the three experimental values are also marked. The¯rst curve, G(Y ), has been calculated from the one-speed approximation, Eq. (5) with (13) and (4), using the values of the crosssections at the thermal-neutron energy E T . The second curve, G av (Y ), has been obtained from Eq. (17) with (21) and (20) . The two functions present a di®erence between the theoretical results based on the one-speed treatment and on the approach in which all energy-dependent magnitudes are averaged over the thermal-neutron energy distribution. Although the curve G av (Y ) is closer to the experimental points G exp than the curve G(Y ), the prediction G av (Y ) is still unsatisfactory for the experimental pointsG exp . Two other curves in the plot are considered in the next paragraph. 
Case B: Two-grain medium
We consider Plexiglas as a medium built of grains, too. In this case, the volume treated as a Plexiglas grain is de¯ned by the lattice points, without the space occupied in corners by parts of the silver grains. The de¯ned volume and its surface determine from Eq. (12) the average chord length d 1 of the grain of the matrix (although such a treatment violates slightly the assumption of the convex curvature of the grain surface). Then the e®ective absorption cross-section § a1 of the weakly absorbing material is also calculated from Eq. (11). The e®ective cross-section of the material is expressed by: § eff a 00 = (1 ¡ ¿ ) § a1 + ¿ § a2 (27) according to the de¯nition in paragraph 2. Fig. 7 Energy dependence of the thermal-neutron transport cross-section of Plexiglas and of silver, and the thermal-neutron ®ux energy distribution.
The energy-averaged, e®ective cross-section h § eff a (E)i 00 can be calculated when the dependence § a1 (E ) is known. It contains not only the absorption cross-section § a1 (E ) but also the energy-dependent transport cross-section § tr1 (E) of Plexiglas [cf. Eqs. (11), (9) and (8)]. As in any hydrogenous material, the scattering cross-section and the average cosine of the scattering angle are strongly dependent on the thermal-neutron energy. The functions § s1 (E) and · 1 (E ) have been obtained in the same way as in [16] , following Granada's model of the slow-neutron scattering kernel [17] , [18] , [19] . The dependence § tr1 (E ) is shown in Fig. 7 , together with the thermal neutron distribution M (E). Additionally the silver cross-section § tr2 (E ) is also plotted. Theoretical values of the parameter of the grain size e®ect G 00 av , resulting from the present approach to the considered three silver-in-Plexiglas models, are speci¯ed in Table 5 .
According to assumption (27), a new set of curves has been obtained, G 00 (Y ) and (23) with (22)], respectively. They are plotted in Fig. 6 as the two lowest lines. In order to plot these new functions versus Y , the lengths d 1 have been expressed using the average chord lengths d 2 of the corresponding silver grains, Table 5 Comparison of the results of the two-grain theory with the experimental data.
k m is a constant dependent on the sample, that is, on the particular spatial distribution of grains. The new approach, especially G 00 av (Y ), gives much better agreement with the experimental results G exp .
Rock{°uid samples
When rock materials are investigated, the sample usually contains grains which create heterogeneity. The experiments on the arti¯cial rock material (silicon, Si) and on the natural rock material (diabase) have been performed to examine the in°uence of the granulation on the § a measurement. The samples have been prepared as mixtures of grained materials with aqueous solutions of boric acid, H 3 BO 3 .
The thermal-neutron absorption rates hv § 
which results from Eq. (1), and where » is the mass density of the complex sample, q rock is the mass fraction of the rock in the complex rock-°uid sample, k is the mass fraction of H 3 BO 3 in the°uid, and § M x = § a =» is the relevant, mass absorption cross-section calculated on the basis of the elemental composition and the microscopic absorption crosssections ( [14] , except for boron). The absorption cross-section of the boric acid H 3 BO 3 was measured [20] in our Lab to avoid an uncertainty introduced by the°uctuating isotopic ratio of natural boron. Finally, the experimental grain parameter G exp has been obtained from Eq. (24) . The theoretical grain parameter G av has been calculated from Eq. (17), assuming Case A (Eq. 21), that is, that the grains of the rock (a weak absorber) are embedded in the matrix (a strong absorber).
Silicon as the arti¯cial rock material of grains
An arti¯cial rock material allows us (1) to create more realistic experimental conditions, that is, a sample that contains grains of a°uctuating size, spread irregularly (not preserving a regular lattice, as in the model samples), and (2) to keep exactly known thermal-neutron parameters of the contributing materials.
High purity silicon (0.9999 Si) has been used. Its thermal-neutron mass macroscopic cross-sections are:
, [14] ). The complex samples have been made of two di®erent grain sizes embedded in various H 3 BO 3 solutions. The speci¯cation of the samples is given in Table 6 . An example of the theoretical dependence of the grain parameter G av for the investigated samples is shown in Fig. 8 (the upper line) . The parameter is plotted as a function of the grain diameter, 2R gr , with the other variables¯xed according to the experimental conditions. The theoretical grain parameter is, in practice, equal to unity in the considered interval of the grain size. The exact values for the samples are given in Table  6 . For sample Si-07, only the results obtained for the lowest and highest concentrations of the H 3 BO 3 solutions used are shown. In the calculation, the grain sizes d have been de¯ned by the average chords relevant to the mean diameters of the grains used, that is, 0.6 mm and 1.7 mm for the grains of (0.5 to 0.7) and of (1.4 to 2.0) mm of sieve mesh, respectively. has been obtained. Details of the experiments and calculation procedures can be found in [12] . The results are collected in Table 7 . No e®ect of heterogeneity is observed for the complex samples tested, with the silicon grains of about 0.6 and 1.7 mm, the silicon contribution ¿ º 0.5, and the absorption cross-section ratios 1/S º 13 and 1/S º 20. Both the grain parameter G exp for the complex sample and the ratio §
for the material of interest are equal to unity within the one standard deviation, which means that the experiment has con¯rmed the theoretical predictions on the homogeneity of the prepared complex media.
Diabase as the natural grained rock material
Diabase samples used in the present neutron measurements were taken from the compact deposit exploited by \Nied ¶ zwiedzia G ¶ ora" Quarry (Quarries of Natural Resources, Krzeszowice near Krak ¶ ow, Poland). The absorption cross-section § a = § R of diabase (as for in¯nite, homogeneous medium) was measured in our Lab, using Czubek's method, in an independent experiment [22] , [23] on the¯ne samples. The scattering cross-section § s has been calculated [21] , [14] according to a typical elemental composition of diabase [24] . The same material of granulation between 6.3 and 12.8 mm of sieve mesh has been used to calculate and measure the grain e®ect. The complex samples of the diabase grains and aqueous solutions of boric acid H 3 BO 3 were prepared. The list of the complex samples and the theoretically calculated grain parameters G av are given in Table 8 . The mean size of the diabase grain in each sample has been estimated as the diameter 2R gr of an equivalent sphere, based on the number and total mass of the grains contained. An example of the theoretical grain parameter as a function of the grain size is plotted in Fig.  8 (the lower line). The contributions of the components and the ratio of the absorption cross-sections have been assumed as for the real sample, Dia-a. The measurements of the e®ective absorption cross-sections of the complex samples and the evaluation of the experimental cross-section for diabase have been performed in the same way as described in the previous paragraph for the silicon samples. The results are collected in Table 9 . The theoretical and experimental grain parameters°u ctuate about 0.98. The small discrepancies between them can result from the necessary approximation of the grain size in the theoretical calculation. The heterogeneity e®ect, although weak, is clearly seen in a comparison with the results for the samples of¯ne silicon (cf. Fig. 8 ). The experimental cross-section of diabase itself, obtained from Table 9 Comparison of the experimental results for diabase complex samples with the data for the homogeneous media.
the standard interpretation of the measurement (assuming a homogeneous medium) is, however, underestimated even up to 20 %. The value of the underestimation depends on the ratio of the absorption cross-sections of the components in the complex samples. The higher is the ratio 1/S, the lower is the interpreted cross-section § exp of diabase, which is seen from the data in Tables 8 and 9 . This behaviour is in agreement with the predictions of the theoretical model.
Conclusions
The theoretical approach to the thermal-neutron e®ective absorption in the type of heterogeneous medium considered here has been veri¯ed experimentally on dedicated model samples and on natural rock samples. The heterogeneity e®ect depends on few parameters: on the ratio S of the absorption cross sections of the components, on their scattering properties, on the grain size, and on the mass (or volume) contributions of the components. A comparison of the in°uence of the grain size on the absorption in di®erent samples can be done if the size is not expressed geometrically but using the neutron di®usion units. The thermal-neutron di®usion mean free path l d in a given material is de¯ned by the macroscopic di®usion cross section, l d = 1/ § d . The grain size Y is referred to the geometrical dimension (the average chord length d) and to the neutron mean free path, as shown in Eq. (16) . The grain sizes Y in the particular samples are listed in Table 10 .
For the silver-in-Plexiglas samples, the geometrical relations are precisely de¯ned and it is possible to de¯ne accurately the grain size of the matrix material. The grain sizes Y for the two components are comparable and, as found earlier (paragraph 6.3.2), the medium in this case should be considered rather as the two-grain system.
For the rock{°uid samples, only the mean geometrical grain size is known, the spaces between the grains (¯lled with the matrix material) are highly irregular, and the size of the matrix grain is only estimated. In the case of the silicon samples, the ratio of the Y 1 and Y 2 sizes indicates that the system should be considered as the Si grains in the°u id matrix. Additionally, the geometrical sizes of grains are very small in comparison to the corresponding neutron mean free paths. Both the theoretical grain-in-the-matrix model and the experiment con¯rm in this case that the samples are homogeneous from the point of view of the neutron di®usion. The diabase grains are much greater, but their Y size is still one order lower than the estimated matrix grain size. Therefore, the grainin-the-matrix mode is still applicable. The theoretical calculation and the experiment show a very weak grain e®ect G due to a low ratio of § a of highly and weakly absorbing components, two orders lower than in the case of the silver-in-Plexiglas models (cf. Tables  8 and 1 ).
The general behaviour is as follows: the thermal-neutron absorption cross-section of any heterogeneous medium is always lower than a homogeneous one consisting of the same components. This e®ect can be a source of an underestimation of the absorption cross-section of the rock material when coarse-grain samples are used in laboratory measurements, as it has been proved in the paper. The opposite e®ect, an overestimation of the calculated absorption cross-section of a geological formation can happen if this medium is treated as homogenous material, while in fact it contains concretions of strongly di®ering absorption. Similarly, for such formation, an overestimated value can also be obtained experimentally from a measurement on its sample which is perfectly homogenised.
